We report the first experimental observation of anisotropic magnetocaloric effect (MCE) in the Fe 8 clusters. It is found that the magnetic anisotropy plays a very important role in the determination of the magnetocaloric effect. The maximum and minimum MCE's are observed when the applied magnetic fields are parallel and perpendicular to the easy axis, respectively. The quantum spin Hamiltonian of a Fe 8 cluster is used to calculate the partition function and the magnetization in a range of temperature and magnetic field. Excellent quantitative agreement between the experimental data and calculation is observed. DOI: 10.1103/PhysRevLett.87.157203 PACS numbers: 75.30.Gw, 75.30.Sg, 75.50.Tt, 75.50.Xx It is well known that the magnetocaloric effect (MCE) has been useful in achieving very low temperatures (mK range) [1] . Up to now, most of MCE applications still remain in the low temperature range ͑,20 K͒ by using paramagnetic salts, e.g., Gd 3 Ga 3 O 12 [2] . For the MCE applications at high temperatures, different types of materials must be used [3] [4] [5] [6] . The MCE in the superparamagnetic nanostructured materials has been recently studied by Shull and co-workers [7] [8] [9] [10] . The results indicate that at higher temperatures the MCE is larger in the superparamagnetic nanostructures composites than in the pure paramagnetic materials. This makes the nanostructured composites appear to be very attractive candidates for the magnetic refrigeration in a very big temperature span. This enhancement was discussed by Shull et al. in considering a superparamagnetic system consisting of monosized and noninteracting magnetic clusters uniformly dispersed in a nonmagnetic media [7, 10] .
It is well known that the magnetocaloric effect (MCE) has been useful in achieving very low temperatures (mK range) [1] . Up to now, most of MCE applications still remain in the low temperature range ͑,20 K͒ by using paramagnetic salts, e.g., Gd 3 Ga 3 O 12 [2] . For the MCE applications at high temperatures, different types of materials must be used [3] [4] [5] [6] . The MCE in the superparamagnetic nanostructured materials has been recently studied by Shull and co-workers [7] [8] [9] [10] . The results indicate that at higher temperatures the MCE is larger in the superparamagnetic nanostructures composites than in the pure paramagnetic materials. This makes the nanostructured composites appear to be very attractive candidates for the magnetic refrigeration in a very big temperature span. This enhancement was discussed by Shull et al. in considering a superparamagnetic system consisting of monosized and noninteracting magnetic clusters uniformly dispersed in a nonmagnetic media [7, 10] .
It is well known that most magnetic nanoparticles or clusters exhibit a quite strong uniaxial magnetic anisotropy due to shape, stress, or surface effects [11] , which governs the magnetic behavior of the particles [11, 12] . Therefore, it is essential to understand the effect of the magnetic anisotropy in the MCE, particularly for the superparamagnetic materials. However, not much effort has been devoted to it. The reason could be that the materials used for magnetic refrigerants are either the ideal paramagnetic salts [2] or soft magnetic materials [3 -6] and therefore the effect of magnetic anisotropy is negligible. Theoretically, the anisotropic MCE was studied by using the Monte Carlo simulation for bulk ferromagnetic materials (or interacting magnetic clusters) with a uniaxial anisotropy in the vicinity of the Curie temperature [13] . Experimentally, a clean study of the anisotropic effect is generally hindered by the distribution of sizes and/or interactions. In this Letter, we report the anisotropy effect on the MCE in Fe 8 magnetic molecular crystals. With monosized clusters and well-defined anisotropic properties, this system offers, for the first time, a definite confirmation of the anisotropic MCE. It is shown that the magnetic anisotropy is important for both the qualitative and quantitative aspects of the MCE.
The cluster Fe 8 with the formula ͓͑tacn͒ 6 Fe 8 O 2 -͑OH͒ 12 ͔ 81 , where tacn is the organic ligand trizacyclononane, has an approximate D 2 symmetry [14] . The magnetic characteristics of the clusters, studied by using EPR, ac, and dc magnetic techniques [15] [16] [17] ± [14, 19] . The magnetic interactions among the clusters are therefore negligible for the large enough lattice parameters. The magnetic anisotropy field of the clusters was found to be ϳ5 T from the aligned samples [17] . The molecular crystals of Fe 8 can therefore be considered to be a collection of a huge number of identical, aligned, noninteracting single domain particles with a moment of 20m B . This material, as well as another magnetic molecular crystal Mn 12 , has been studied very intensively, both experimentally and theoretically, in the context of resonant spin tunneling [16, 17, [19] [20] [21] [22] [23] . The Fe 8 and Mn 12 crystals constitute a model system for testing many theoretical predictions on the macroscopic tunneling. Recently the time-dependent magnetocaloric effect has been observed in Mn 12 and Fe 8 clusters at low temperatures, which was ascribed to the relaxation effect [24] . We concentrate here on the effect of magnetic anisotropy on the MCE in a high temperature regime, where the sample is always in the thermodynamic equilibrium states.
The Fe 8 crystallites of an average size of 0.2 3 0.1 3 0.1 mm used here are the same as those for the study of resonant tunneling [17] . The aligned sample is a solid cylinder with a diameter of 3 mm and a length of 6 mm, in which the easy axis (c axes) of the Fe 8 clusters is along the axis of the column [17] . By changing the angle u between the c axis and applied field, it is possible to study the anisotropy effects.
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0031-9007͞01͞ 87 (15)͞157203 (4) As reported in Ref. [17] , the clusters behave superparamagnetically down to 1.8 K, in agreement with a recent study in the mK regime [24] . The field-dependent magnetizations were measured at 1.8 and 2.5 K for different values of u. It is found that the behavior of the magnetization depends strongly on u. At about 5 T, the magnetization curve at u 90 ± appears to be saturated, indicating a 5 T anisotropy field [17] . The quality of alignment of the crystallites can be determined by using the magnetization curve obtained at 1.8 K with the field parallel to the easy axis. The ratio of the magnetization M͑5 T͒ to the saturation magnetization M͑0͒, M͑0͒͞M͑5 T͒ ഠ 0.99 suggests that the misalignment of the easy axes of the crystallites with respect to the applied magnetic field is no more than 1 ± [15, 17] .
The isothermal magnetization was measured with a field step of 500 Oe in the field range of 0-4 T for different u's. It is adequate to consider the magnetization curves to be isothermal for a sufficiently low sweeping rate of the magnetic field [5, 6, 25] . The magnetic entropy change, 2DS M, , can then be calculated by using the magnetization data and the numerical formula [8] 
where M i and M i11 are the magnetization values measured at the temperatures T i and T i11 , respectively, in a field H. Figure 1 shows the isothermal magnetization curves measured with the applied field parallel to the easy axis and "hard axis" [26] . It is evident that in these two cases the curves show very different behaviors, particularly at low temperatures. In Fig. 2 , the 2DS M measured for a field change from 0 to 3 T is plotted as a function of temperature. The most interesting feature in this figure is that the MCE depends strongly on the angle between the applied magnetic field and the easy axis of the sample i.e., anisotropic MCE. Examination of the data in Fig. 2 reveals that the highest and lowest MCE's appear, respectively, when the magnetic field is parallel and perpendicular to the easy axis, which is in agreement with the Monte Carlo simulation results [13] . Another interesting feature is that the maxima in 2DS M ͑T͒ is much higher than the blocking temperature of the Fe 8 clusters obtained in the zero field cooled and field cooled magnetization curves [24] . The anisotropic MCE may be understood qualitatively by examining the definition of 2DS M ͑H, T͒ for a magnetic field change DH H 2 2 H 1 ,
When a field, smaller than the anisotropy field, is applied at an angle u ͑fi 0͒ the magnetization M is smaller than when the field is applied parallel to the easy axis. If the magnetization has the same temperature dependencies in both cases, the larger the magnetization, the larger the term ͑≠M͞≠T͒ H . Actually, M decreases more slowly at u fi 0 than at u 0, which diminishes further the term ͑≠M͞≠T͒ H for u fi 0, and, consequently, 2DS M . In the inset of Fig. 2 , we plot the temperature-dependent magnetization obtained in a field of 1 kOe applied along and perpendicular to the easy axis, which confirms our expectation for T , 40 K. Above 40 K, the characteristics of the clusters may no longer exist [14, 15] . In addition to the size difference in 2DS M for different u's, the behavior of the curves in Fig. 2 is not the same, which may be due to the different temperature dependencies of the magnetization. To gain a deeper understanding of the anisotropy effect on the magnetic entropy change, we calculated the isothermal magnetization curves for Fe 8 clusters at different field orientations relative to the easy axis. Similar calculations have been performed for the isotropic clusters with a moment m 20m B , the same as that of Fe 8 clusters. Here, the isotropic particle system was supposed to possess all the characteristics of the Fe 8 crystal, except for the magnetic anisotropy. For Fe 8 clusters, the partition function and the magnetization curves are calculated by solving the eigenvalue problem of the following first order approximation of the spin Hamiltonian for a Fe 8 cluster with S 10 [26]:
where g 2 and D 0.27 K is the isotropy energy. Here, we have taken z as the easy axis and assumed that the magnetic field h ! is in the x-z plane with an angle u relative to the z axis. S x and S z are the spin operators along the x and z axes, respectively. The matrix form of Eq. (3) can be obtained by choosing a basis that diagonalizes S z , i.e., S z jS, m͘ mjS, m͘, with m 0, 61, 62, . . . , 610. In this representation, the matrix elements of S x can be obtained by using the relation S x ͑S 1 1 S 2 ͒͞2, where S 1 and S 2 are, respectively, the raising and lowering operators, yielding data, which may be due to the fact that the characteristics of the Fe 8 clusters begin to change [14, 15] . Similarly the isothermal magnetization data for isotropic particles have been calculated. It is found that, as a function of temperature, the magnetization decreases much faster than that for the anisotropic particle system. By using the calculated isothermal magnetization data and Eq. (1), the values of 2DS M were calculated for a 3 T change in H (from 0 to 3 T). The calculated 2DS M data were plotted in Fig. 2 (solid lines) for the comparison with the experimental data. Excellent quantitative agreement is observed in the low temperature region. When the temperature is higher than 20 K, the disagreement between the two sets of data begins, which may be again due to the fact that the characteristic properties of the Fe 8 clusters begin to change [14, 15] .
The values of 2DS M obtained from the calculated data for isotropic clusters are also shown in Fig. 2 . The most striking feature in Fig. 2 is that 2DS M ͑T͒ shows very different behavior when the applied magnetic field is parallel and perpendicular to the easy axis of the Fe 8 clusters (anisotropic cluster) and when the anisotropy becomes zero (isotropic particles). Therefore, it is evident that the magnetic anisotropy plays a very important role in the 2DS M , which is demonstrated by the experimental data and the calculation.
It is evident that the values of 2DS M for isotropic clusters are larger than that for anisotropic particles, even for u 0 at low temperatures ͑,7 K͒, but are smaller at higher temperatures. Of course when the temperature is high enough, all the curves in Fig. 2 will merge together. To explain the behavior of the temperature dependent 2DS M in Fig. 2 . It is clearly seen that the anisotropy energy favors the large S z state, especially when the anisotropy constant D is large. At finite temperature, the mean magnetic moment of an anisotropy cluster is certainly larger than that for an isotropic cluster. With increasing temperature more and more particles will populate to the high energy levels (low S z ), and the mean magnetic moment will decrease. At a relatively high temperature (or when gm B SH͞k b T ø 1), the magnetization follows the Curie law. Since the much larger magnetic anisotropy energy in the Fe 8 clusters, the population at the high energy levels becomes more difficult than that in isotropic particles. This explains why the magnetization of isotropic particles decreases faster than that of the anisotropic magnetic particles with increasing temperature in the same applied magnetic field. Figure 4 shows the temperature-dependent magnetization data measured from Fe 8 clusters, i.e., the anisotropic particles, with a 3 T field for u 0 and the magnetization data calculated for the isotropic particles. It is clearly seen that the magnetization of the isotropic particles decreases faster than that of the anisotropic particles ͑Fe 8 ͒. Since the entropy change is determined by ͑ ≠M ≠T ͒ H , the entropy change in the isotropic particles is much larger than that in anisotropic particles in the low temperature range, but smaller at higher temperatures where the magnetization of isotropic particles is much smaller than that of anisotropic particles. The different behavior of 2DS M for the isotropic particles and the anisotropic Fe 8 particles is a consequence of the different behavior of M͑T͒ and ͑ ≠M ≠T ͒ H shown in Fig. 4 . The behavior of 2DS M in Fig. 2 suggests that, to extend the temperature range or to increase the working temperature of the magnetic refrigerator materials, the anisotropic superparamagnetic particles are much better than the isotropic ones, especially when a magnetic field is applied parallel to the easy axis of aligned particles.
In summary, the magnetic anisotropy effects on some of the fundamental questions in the nanostructured materials have been studied using the ideal model system, Fe 8 molecular crystals. The importance of this work is not only in the anisotropy effect in MCE, but also in that the magnetization (also MCE) can be calculated exactly using quantum statistics.
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